Cytokinesis of plant somatic cells requires two components, a specific cytoskeletal array for vesicle delivery and a vesicle fusion machinery. Genetic inactivation of either component is expected to block cytokinesis. Mutations in the Arabidopsis PILZ group of genes can give rise to singlecelled embryos that lack microtubules, including those of the phragmoplast, and that fail to localise KNOLLE (KN) protein [10] . By contrast, attempts to isolate mutants that completely abolish cytokinesis by interfering with vesicle fusion were unsuccessful. The plant cytokinesis mutants described previously, cyd [11] in pea as well as kn [1] and (keule) keu [8] in Arabidopsis, all impair but do not block cytokinesis. Both kn and keu mutant embryos show phenotypes typically associated with defects in cytokinesis, such as incomplete cell walls and supernumerary and polyploid nuclei (Figure 1) . Examination of the cell-cycle dependent changes in the microtubular cytoskeleton did not reveal a dramatic difference to the wild type. All specific arrays, such as the preprophase band, mitotic spindle and phragmoplast, were present albeit slightly enlarged in keu and kn mutants, correlating with an increased cell size (Figure 2i-k; data not shown). To monitor membrane transport to the cell plate, we stained dividing keu mutant cells for KN protein and ADL1, a dynamin-like protein from Arabidopsis [12] . Both proteins are membrane-associated and accumulate at the plane of cell division during cytokinesis [9] . keu mutant cells showed essentially the same localisation pattern for these proteins as the wild type. KN and ADL1 accumulated between pairs of daughter nuclei (Figure 2l,m) , which indicates that keu mutants are not impaired in the production, transport or spatial alignment of cytokinetic vesicles. Similar results have previously been obtained for kn mutants [9] .
Results and discussion
Cytokinesis of plant somatic cells requires two components, a specific cytoskeletal array for vesicle delivery and a vesicle fusion machinery. Genetic inactivation of either component is expected to block cytokinesis. Mutations in the Arabidopsis PILZ group of genes can give rise to singlecelled embryos that lack microtubules, including those of the phragmoplast, and that fail to localise KNOLLE (KN) protein [10] . By contrast, attempts to isolate mutants that completely abolish cytokinesis by interfering with vesicle fusion were unsuccessful. The plant cytokinesis mutants described previously, cyd [11] in pea as well as kn [1] and (keule) keu [8] in Arabidopsis, all impair but do not block cytokinesis. Both kn and keu mutant embryos show phenotypes typically associated with defects in cytokinesis, such as incomplete cell walls and supernumerary and polyploid nuclei ( Figure 1) . Examination of the cell-cycle dependent changes in the microtubular cytoskeleton did not reveal a dramatic difference to the wild type. All specific arrays, such as the preprophase band, mitotic spindle and phragmoplast, were present albeit slightly enlarged in keu and kn mutants, correlating with an increased cell size (Figure 2i-k; data not shown). To monitor membrane transport to the cell plate, we stained dividing keu mutant cells for KN protein and ADL1, a dynamin-like protein from Arabidopsis [12] . Both proteins are membrane-associated and accumulate at the plane of cell division during cytokinesis [9] . keu mutant cells showed essentially the same localisation pattern for these proteins as the wild type. KN and ADL1 accumulated between pairs of daughter nuclei (Figure 2l,m) , which indicates that keu mutants are not impaired in the production, transport or spatial alignment of cytokinetic vesicles. Similar results have previously been obtained for kn mutants [9] .
To examine the genetic interactions between KN and KEU, we analyzed the phenotype of double mutant embryos. The close genetic linkage of 8 cM between kn and keu enabled us to generate, by recombination, heterozygous plants carrying the two mutations on the same chromosome and the two wild-type alleles on the homologous chromosome (Figure 1g ; see Supplementary material for details). Upon selfing, these plants segregated ~21% kn keu double mutants and, due to meiotic recombination between kn and keu, ~8% kn or keu single mutants ( Table 1 ). The kn keu embryos showed a dramatically enhanced cytokinesis defect. They were rod-or clubshaped with multiple nuclei that were not separated by internal cell walls (Figure 1d-f) . Their apical tips often contained a large vacuole and the nuclei were confined to a stalk-like portion. The number of nuclei increased during embryogenesis to ~30 in the most advanced stages, indicating that nuclear division cycles occurred in the absence of cytokinesis. The double mutant embryos collapsed when their normal siblings had almost completed embryogenesis.
Among the progeny of kn keu/KN KEU plants, ~1% of the embryos consisted of 2 or 3 cells. To determine the likely genotype of these exceptional embryos, we performed reciprocal test crosses with heterozygous plants bearing one or the other mutant allele or both ( Table 2 ). The same minority of exceptional embryos were observed among progeny of crosses between kn keu/KN KEU and keu/KEU plants, suggesting that the exceptional embryos from selfed kn keu/KN KEU plants were generated by meiotic recombination and had the genotype kn keu/KN keu. Only a minority of the kn keu/KN keu embryos showed the exceptional phenotype, suggesting that in keu mutants cytokinesis becomes sensitive to the reduced amount of KN activity. By contrast, reduction of KEU activity in kn mutant embryos had little effect. (Figure 2c,g ). Metaphase plates differed in size, due to different chromosome numbers (Figure 2g ). At the end of mitosis, double mutant embryos contained multiple phragmoplasts that formed a nearly continuous band separating multiple pairs of daughter nuclei (Figure 2d,h ). To examine whether cytokinetic vesicles were produced and transported to the plane of cell division, kn keu double mutant embryos were immunostained for ADL1 (Figure 2n ). ADL1 accumulated in a long, band-like structure between multiple pairs of daughter cells. Taken together, kn keu embryos were able to form a microtubular phragmoplast and to accumulate membrane material at the plane of cell division. However, they completely lacked internal cell walls, indicating that cell plate formation was blocked. Consistent with this finding, they behaved physiologically like single, multinucleated cells in which all nuclei were subject to the same cell-cycle controls. Table 2 ). ‡ From meiotic recombination frequency based on a genetic distance of 8 cM between KNOLLE and KEULE (see Supplementary material).
The embryonic phenotype of the kn keu double mutant implied that the KEU gene is required for the fusion of cytokinetic vesicles. For confirmation, we performed transmission electron microscopy on embryo sections ( Figure 3 ). In wild-type cells, the newly formed cell plate grows from the centre to the periphery during telophase (Figure 3a,b) . By contrast, a band of unfused membrane vesicles was observed in the division plane of the keu telophase cell (Figure 3c,d ). In the keu interphase cell, most of the cytokinetic vesicles were still separate and located near the tip of a cell wall stub extending from the parental cell wall (Figure 3e,f) . Very similar defects were found in the kn interphase cell (Figure 3g ,h; [9] ). The defects observed in keu mutant cells were therefore indistinguishable from those of kn mutant cells, which lack a cytokinesis-specific syntaxin [9] .
Our analysis of the kn keu double mutant indicates that both KN and KEU are specifically involved in vesicle fusion during somatic cytokinesis. Although cytokinesis was completely blocked from fertilisation on, the kn keu embryos enlarged and underwent several rounds of synchronised nuclear divisions, suggesting that non-cytokinetic vesicle fusion is not impaired. Furthermore, the double-mutant embryos originated from kn keu gametophytes of the parental heterozygous plant, indicating that cytokinesis in the haploid phase of the plant life cycle does not require KN and KEU but involves different, as yet unidentified, genetic components [7] .
The genetic interaction between knolle and keule suggests that the two gene products, KN and KEU, contribute different functions to promote vesicle fusion during cytokinesis. In the absence of either gene product, cytokinesis is compromised but can occur, although inefficiently. One possible explanation is that the two proteins are part of a complex that would still function to some extent in the absence of one or another component. However, such a scenario has to account for the role of KN protein as a cytokinesis-specific syntaxin. If KEU were to interact exclusively with KN, thus modifying its activity, this could not account for the complete inhibition of cytokinesis in the kn keu double mutant embryo. The only case known in which inactivation of a syntaxin still allows for some residual membrane fusion is the homotypic vacuolar fusion in yeast [13] but it is currently not known whether cell-plate formation also results from homotypic vesicle fusion. Another possible explanation for the apparent redundancy of cytokinetic vesicle fusion may be sought in protein families with partially overlapping functions. 
Materials and methods
The knolle [1] and keule [8] mutant lines, plant growth conditions [16] , procedure for immunofluorescence [9] and electron microscopy [9] have been described previously.
Supplementary material
Supplementary material including additional methodological details, and construction of the knolle keule double mutant chromosome is available at http://current-biology.com/supmat/supmatin.htm. 
